The spliceosome catalyzes alternative splicing of many genes in eucaryotic cells. This leads to the expression of distinct proteins. Components of the spliceosome are conserved in mammals and plants. Because splicing can be affected by environmental stress, we analyzed the regulation of splicing-related genes that encode small nuclear ribonucleoprotein particle (snRNP) proteins by the stress hormone abscisic acid (ABA). The transcript abundance of about 25% of those genes was changed by at least 1.5-fold after addition of ABA. The U4/U6-specific snRNP gene AtPRP4 was strongly repressed by ABA. The homozygous knock-out of AtPRP4 resulted in the suppression of seed development suggesting that the gene product of this stress hormoneregulated gene is crucial for normal seed development.
Introduction
Alternative pre-mRNA splicing is a prerequisite for the expression of many eucaryotic genes. Removal of introns from mRNA precursors and differential processing by joining different exons selectively leads to the generation of functionally distinct proteins. The spliceosome that is formed by UsnRNPs (uridine-rich small nuclear ribonucleoprotein particles) consisting of snRNAs, Sm core proteins, as well as particle-specific proteins and by non-snRNP splicing factors is the molecular machine capable of catalyzing splicing. In humans, spliceosome activation requires spliceosomal and snRNP remodelling events, in particular, the recruitment and subsequent release of U1-and U4/U6-specific snRNPs (Makarov et al., 2002) .
Genome-wide analyses suggested that about 20 -25 % of plant genes show alternate splicing events, and therefore splicing may have a fundamental function in gene expression control in plants (Iida et al., 2004; Meyers et al., 2004; Wang et al., 2006) . Components of the mammalian splicing machinery are generally conserved in plants. However, the incompatibility of mammalian and plant in vitro splicing systems results in incorrect heterologous splicing. This indicates the existence of plant-specific features in splicing that are not yet understood but are probably related to the shorter and U-rich introns in plants (Lorkovic et al., 2000) . In a recent sequence comparison approach, 74 snRNAs and 395 genes encoding splicing-related genes were identified in Arabidopsis (Wang and Brendel, 2004) . Among the latter are 91 genes encoding snRNP proteins that contain a group of 24 Sm core proteins and all U1 -U6-specific proteins, of which only AtLSM5/SAD1, AtUIA, AtUI-70K, and AtPRP6/AtU5-102KD/STA1 have been characterized (Simpson et al., 1995; Golovkin and Reddy, 1996; Xiong et al., 2001; Lee et al., 2006) . Additional prominent groups among the splicing factor genes are those that encode SR proteins and 35S U5-associated proteins. SR proteins are phosphoproteins that contain two RNA recognition motifs at the N terminus and a characteristic arginine/serine-rich domain at the C terminus and form a large interaction network (Reddy, 2004) . The distinct functions of the many interactions remain elusive and the understanding of SR protein will be necessary to unravel the splicing process mechanistically.
Based on the mapping of Arabidopsis full-length cDNAs to the Arabidopsis genome, it has been suggested that alternative splicing plays a role in stress response. Different environmental stresses affected the splicing pattern (Iida et al., 2004) . Through a combination of biochemistry and molecular genetics, several splicing-related genes have been implicated in stress tolerance. The SAD1 (supersensitive to ABA and drought 1) gene that encodes the Sm core protein AtLSM5/ SAD1 modulates abscisic acid (ABA) signalling and biosynthesis. The sad1 mutation confers an increased sensitivity to drought stress and ABA in seed germination and root growth (Xiong et al., 2001) . The expression of the SR-like splicing proteins AtRCY1 (Arabidopsis thaliana arginine-rich cyclin 1) and AtSRL1 (Arabidopsis thaliana SR-like 1) results in higher salt tolerance of transgenic Arabidopsis plants (Forment et al., 2002) . The AtPRP6/AtU5-102KD/STA1 gene encodes the stressinduced nuclear STABILIZED 1 protein that functions in premRNA splicing and stress tolerance in Arabidopsis. The weak mutant allele sta1-1 caused defective splicing of stress-regulated genes and conferred hypersensitivity to ABA and LiCl in seed germination and root growth, whereas sta1 null mutants were lethal (Lee et al., 2006) . The given examples suggest that many stress-regulated genes have a function in alternative splicing in reponse to environmental stresses. We therefore analyzed the regulation of genes encoding snRNP proteins by the stress hormone ABA. The AtPRP4/AtSAP60 gene showed strongest ABA regulation and was therefore studied in more detail. The analysis of AtPRP4-promoter:GUS plants revealed AtPRP4 expression in seeds, radicles, roots, leaves, inflorescences, and in embryos. Homozygous T-DNA insertion mutants prp4-1 and prp4-2 were defective in seed development, indicating that AtPRP4, like STABILIZED1, is a crucial component of the splicing machinery that is required during embryo and seed development.
Materials and Methods

Plant material, strains, and growth conditions
Arabidopsis thaliana wild-type and transgenic plants (ecotype Columbia-0) were grown at 21 8C under an 8 h light/16 h dark cycle for 2 -4 weeks before being placed in a growth chamber with a 16 h photoperiod. For growth on agar under the 16 h light/8 h dark cycle, seeds were surface-sterilized and sown on Petri dishes containing Murashige and Skoog salts, 0.8 % phytoagar and 1 % sucrose (Duchefa Biochemie, Haarlem, The Netherlands). For cloning in Escherichia coli, we used strain DH5α (Hanahan, 1983) . Transformation of Arabidopsis was performed using Agrobacterium tumefaciens strain GV3101 (Holsters et al., 1980) .
RT-PCR analyses
For expression analyses after ABA treatment, Arabidopsis seedlings were treated with 50 μM ABA or control solution. Samples were collected at the indicated times following the start of the experiment at 9 a.m. Total RNA was isolated with Trizol reagent (Invitrogen). RT reactions were performed with the RevertAid ™ Minus First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) followed by PCR analysis (annealing at 58 8C) using primers 5′-GTG AAG TAT GAG CCA CAA GAA GG-3′ and 5′-CGT CTT CAT CAT CAT TTC CAC TG-3′ for AtPRP4 (32 PCR cycles), primers 5′-GCG ATG AAC ACT CCA ACT TC-3′ and 5′-GAT AAA TCT TCT TTC TTG ATG-3′ for AtAZF2 (35 PCR cycles), and primers 5′-ATT CAG ATG CCC AGA AGT CTT GTT-3′ and 5′-GAA ACA TTT TCT GTG AAC GAT TCC T-3′ for actin (25 PCR cycles). PCR products were analyzed by agarose gel (1 %, w/v) electrophoresis, and detected under UV light in the presence of ethidium bromide.
Cloning of DNA constructs and transformation of Arabidopsis
For generation of the AtPRP4-promoter:GUS construct, we isolated the respective promoter from wild-type Columbia-0 genomic DNA. We amplified a 1786-bp PstI/NcoI fragment for AtPRP4 (At2g41500) using primers 5′-GAT CTG CAG GCC ATA TGA AGT AAG GGA C-3′ and 5′-GAT CCA TGG TTC CCT TAA ATC CTC AAA AG-3′. The fragment was cloned into Zero Blunt Topo (Invitrogen GmbH, Karlsruhe, Germany) and sequenced, and the insert was cloned in front of the GUS reporter gene in the vector pSR1, a pUC19-based plasmid harbouring the GUS reporter gene. From the resulting plasmid, the promoter:GUS fragment was excised and cloned into pGPTV-bar (Becker et al., 1992) via SdaI and SacI. For complementation of heterozygous prp4-1 mutants, we generated a AtPRP4-promotor:AtPRP4 DNA construct. The respective 4326 bp PstI/SacI fragment that included the AtPRP4 gene and 1784-bp upstream of the start ATG was isolated from wild-type genomic DNA using primers 5′-GAT CTG CAG GCC ATA TGA AGT AAG GGA C-3′ and 5′-GAT GAG CTC CTA GAG ATC TAT GTC CAT TG-3′. The amplified fragment was cloned into Zero Blunt Topo and sequenced. The excised insert was cloned into pGPTVbar (Becker et al., 1992) via SbfI/SacI. The generated plasmids were used for transformation of Arabidopsis (Clough and Bent, 1998) , and transformants were obtained by BASTA selection.
Staining of transgenic Arabidopsis plants for GUS activity
Transgenic promoter:GUS plants were submerged in a solution containing 1 mM X-Gluc, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 0.1 % Triton X-100, 10 mM EDTA, and 100 mM NaPO 4 pH 7.0, vacuum-infiltrated for 30 s, and incubated at 37 8C for 1 -5 h. Chlorophyll was extracted by incubation in 70% ethanol after staining.
Isolation and characterization of T-DNA insertion lines
Heterozygous prp4-1 and prp4-2 mutant plants were isolated from seeds of segregating T3 lines of the T-DNA insertion line SALK_070 009 and WISCDSLOX476B11, respectively (Alonso et al., 2003) . The insertions in the gene were identified using T-DNA left border primer LBa (5′-TGG TTC ACG TAG TGG GCC ATC G-3′) and two AtPRP4-specific primers (5′-CTT GCC ACA TGG TAT GTC TC-3′ and 5′-GAT CCC AAA CTC GTG CG-3′) for prp4-1 as well as T-DNA left border primer LB_Wisc (5′-GAA CTG CTT CTT CTT TTA C-3′) and two AtPRP4-specific primers (5′-GTG AAG TAT GAG CCA CAA GAA GG-3′ and 5′-CAA GAC AAT GTA TCA GCA TCC TGA G-3′) for prp4-2. The exact position of the T-DNA insertions in the prp4-1 and prp4-2 mutants was determined by sequencing.
Results and Discussion
Recently, we performed a genomic study on ABA-regulated gene expression to identify 1354 ABA-responsive genes and novel ABA signalling components (Hoth et al., 2002; Raab et al., 2006) . Here, we analyzed the transcript abundances of genes that encode small nuclear ribonucleoprotein particle proteins (snRNPs) following the ASRG (Arabidopsis SplicingRelated Genes) database (Wang and Brendel, 2004) . Interestingly, an ABA-dependent repression was found for 25 % of the 91 snRNP genes, whereas only two snRNP genes were induced after ABA treatment ( Table 1) . This may indicate changed splicing activity in the presence of ABA, although there is still too little evidence to link pre-mRNA processing to ABA signal transduction (Kuhn and Schroeder, 2003) . Beside the regulation of genes that encode Sm core proteins, we observed a high percentage of genes encoding U5 and U4/U6 snRNP-specific proteins that were repressed by ABA. We selected the U4/U6 snRNP-specific protein gene AtPRP4 (At2g41500, AtSAP60) that exhibited the strongest ABA regulation for further analyses. ABA repression of AtPRP4 was confirmed by an independent ABA treatment of Arabidopsis seedlings. The efficiency of ABA treatment was indicated by rapid induction of the ABA-responsive gene AtAZF2 after 1 h (cf. Hoth et al., 2002; Sakamoto et al., 2004; Zimmermann et al., 2004) . The AtPRP4 transcript level only slightly decreased 1 h after ABA treatment, but a significant change was observed after 5 h (Fig. 1 A) . In addition, these results are supported by gene expression data on ABA regulation summarized in the Genevestigator database that indicate ABA inhibition of AtPRP4 expression (Zimmermann et al., 2004) .
To approach the possible function of AtPRP4 in ABA-dependent development and stress response, we studied the expression pattern of AtPRP4 in AtPRP4-promoter:GUS plants. GUS activity was found in radicles ( Fig. 1 B) , in roots and root hairs (Figs. 1 C, D) , in stipules (Figs. 1 D, E) , in leaves in a patchy pattern (Fig. 1 F) , and in the inflorescence (Fig. 1 G) . In some plants we detected GUS expression in cotyledons and in the hypocotyl (Fig. 1 H) . These data are in agreement with the microarray expression data summarized in the gene atlas of Genevestigator (Zimmermann et al., 2004) . AtPRP4 promoter activity in radicles may suggest a possible function of AtPRP4 in radicle emergence, a process that is regulated by ABA.
To investigate the possible function of AtPRP4 for different ABA responses during the life cycle of Arabidopsis plants and to elucidate its role in ABA signalling, we isolated insertion mutants from the Salk Institute Genomic Analysis Laboratory and the New Wisconsin T-DNA collection corresponding to stock numbers SALK_070 009 (referred to as prp4-1 hereafter) and WISCDSLOX476B11 (referred to as prp4-2 hereafter) (Alonso et al., 2003) . Sequence analysis of the T-DNA flanking regions indicated that the T-DNA insertion is located in the second intron of the AtPRP4 gene 1469 bp following the start ATG in prp4-1 and in the fourth intron of the AtPRP4 gene 2312 bp following the start ATG in prp4-2 (Fig. 2 A) . From segregating T3 lines, we tried to establish plants that were homozygous for the T-DNA insertion in AtPRP4. However, as recovered by PCR genotyping of 150 and 36 plants for prp4-1 and prp4-2, respectively, only plants that were heterozygous for the T-DNA insertion were found. These plants did not show visible differences from wild-type plants with respect to development and growth. The absence of homozygous prp4-1 plants in the progeny of heterozygous prp4-1 and prp4-2 plants suggested that homozygous knock-out of AtPRP4 leads to defective seed development. To confirm that this defect is due to loss Table 1 ABA-responsive genes encoding snRNP proteins. The list of snRNPs resembles the data from Wang and Brendel (2004) , and regulation on the basis of a cut-off limit of 1.5-fold in the absence and presence of ABA was analyzed according to Hoth et al. (2002) of full-length AtPRP4, we stably transformed heterozygous prp4-1 plants with an AtPRP4-promoter:AtPRP4 DNA construct. Indeed, we were able to isolate plants among the transformed and BASTA-selected offspring that were homozygous for the T-DNA insertion in AtPRP4 and carried the AtPRP4-promoter:AtPRP4 DNA construct leading to AtPRP4 transcription (not shown). Thus, expression of AtPRP4 from its own promoter was sufficient to complement the defect in prp4-1 mutants.
We detected GUS staining in embryos that were dissected from developing and mature seeds of AtPRP4-promoter:GUS plants (Figs. 2 B -G) . AtPRP4 promoter activity was observed in the globular stage (Fig. 2 B) , late heart stage ( Fig. 2 C) , torpedo stage (Fig. 2 D) , walking stick stage (Fig. 2 E) , bent cotyledon stage (Fig. 2 F) , and in mature embryos (Fig. 2 G) . In DNA microarray experiments, AtPRP4 expression has also been detected at all different seed ages, starting at stage 3, in which seeds contain globular stage embryos (Schmid et al., 2005) . Thus, AtPRP4 is expressed and probably functions at developmental stages that span embryo and seed development. Together, the expression in developing seeds and the absence of homozygous prp4-1 mutant plants strongly indicated that AtPRP4 is important for normal seed development.
Seed development was studied in heterozygous prp4-1 plants in comparison to wild-type plants. Mature siliques were analyzed for the presence of empty seed positions (Fig. 2 H) . We found reduced seed numbers in heterozygous prp4-1 (28 ± 5, n = 53) and prp4-2 plants (25 ± 4, n = 55), whereas full seed set was observed in wild-type siliques (47 ± 8, n = 94). In complemented plants that carried the AtPRP4-promoter:AtPRP4 DNA construct and were homozygous for the insertion in AtPRP4 the reduced seed set phenotype was rescued (48 ± 11, n = 49). These results suggest that the AtPRP4 null allele is indeed lethal. A synthetic lethality has also been described for the yeast double knock-out mutant in Prp4 and its homologue Prp3 (ΔPrp3ΔPrp4), while single knock-outs in either gene only resulted in temperature-sensitive lethality (Maddock et al., 1994) . In addition, null alleles of the U5 snRNP-specific protein gene AtPRP6/AtU5-102KD/STA1 led to lethality in Arabidopsis (Lee et al., 2006) . U5 and U4/U6 snRNP-specific proteins interact to form the U4/U6.U5 tri-snRNP, and the interaction does not require snRNA interaction but most likely protein-protein or protein-RNA interactions (Liu et al., 2006) . In Arabidopsis, both proteins AtPRP4 and AtPRP6/AtU5-102KD/STABILIZED1 may be essential for correct spliceosome assembly and activation. AtPRP4 contains WD40 repeats that are composed of 40 amino acid residues with a conserved Gly-His (GH) dipeptide at the N terminus and a Trp-Asp (WD) dipeptide at the C terminus, to form a propeller-like structure (Neer et al., 1994) . It has been proposed that these propeller-like structures can form a stable platform or anchor for other proteins; thus, a complex can be recruited to accommodate sequential and/or simultaneous interactions involving several sets of proteins. Whether AtPRP4 can function as a platform in spliceosome assembly is still an open question.
A high proportion of alternatively spliced genes in Arabidopsis encode proteins with regulatory functions (Kazan, 2003) . Interestingly, the flowering control gene FCA that encodes the recently identified receptor for the stress hormone ABA is subject to alternative splicing (Macknight et al., 1997; Razem et al., 2006) , but the meaning of the four FCA splice variants for ABA-dependent flowering control is not fully understood. Besides FCA, a number of stress-related genes are regulated by alternative splicing (Kazan, 2003; Iida et al., 2004) . However, neither the regulatory mechanisms nor the physiological consequences of these splicing events are known. The ABA-regulated AtPRP4 gene appears to have an essential function in spliceosomal activity, because the loss of AtPRP4 in homozygous prp4-1 mutants was lethal (Fig. 2) . It will be interesting to study the role of AtPRP4 in stress-dependent splicing through the isolation of a weak mutant allele or plants that exhibit reduced AtPRP4 mRNA transcripts by application of inducible RNAi or highly specific inducible gene silencing by artificial microRNAs in transgenic Arabidopsis plants. In view of the prominent expression of AtPRP4 in radicles and roots (Fig. 1) , these plants will also help to study the putative role of AtPRP4-dependent splicing in root physiology.
